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Hydration of the atomic oxygen radical anion is studied with computational electronic structure methods,
considering (O)(H,0), clusters and related proton-transferred (Q(@H)(H,O),-1 clusters havingy = 1-5.

A total of 67 distinct local-minimum structures having various interesting hydrogen bonding motifs are obtained
and analyzed. On the basis of the most stable form of each typH4D), clusters are energetically favored,
although fomn = 3, there is considerable overlap in energy between other members of tj{el{O), family

and various members of the (OHOH)(H2O),-1 family. In the lower-energy (O(H.O)x clusters, the hydrogen
bonding arrangement about the oxygen anion center tends to be planar, leaving the oxygen anion p-like
orbital containing the unpaired electron uninvolved in hydrogen bonding with any water molecule. In
(OH7)(OH)(H,0),-1 clusters, on the other hand, nonplanar arrangements are the rule about the anionic oxygen
center that accepts hydrogen bonds. No instances are found 0&€ig as a hydrogen bond donor. Those

OH bonds that form hydrogen bonds to an anionicdd OH~ center are significantly stretched from their
equilibrium value in isolated water or hydroxyl. A quantitative inverse correlation is established for all hydrogen
bonds between the amount of the OH bond stretch and the distance to the other oxygen involved in the
hydrogen bond.

Introduction mass spectrometry. Analysis of flowing afterglow experiments
on the association of Owith H,O in the presence of various
third bodies led to the suggestidrthat the putative species

of irradiated basic aqueous solution§he nucleophilic O (0")(H:0) may be better described as (OKDH), in which
undergoes aqueous reactions that are somewhat different frorn[he OH radical forms a strong hydrogen bond’to OMh a

those of its conjugate base, the electrophilic and weakly acidic study of the reaction O+ H,0 — OH- + OH carried out in

i ~ 23 i
Egggﬁlﬂsrﬁ;ﬁaé (%lr_'m(iﬁs 53,‘1)2)\/.vh eﬁg;:)g:n gl)eé;?] éﬁ:gi’ an ion-beam collision chamber with different oxygen isotopes,
rate constants for various aqueous reactions ofh@ve been I was .SqueSté.a that bOt.h (O).(HZO) and (OH?(OH) may
reportect and its general chemistry has been reviefed be distinct Iong-llve_d _speC|es,W|th ;hg former being more staple
aqueous radiolytic studyhas also investigated the relative than the Iatter_. This idea OT two d|st_|n_ct monohy_drat(_a Species
probabilities of proton transfer vs hydrogen atom transfer in was also considered, but without definite conclusion, in several
the O + H,0 — OH~ + OH reaction later experimental investigatiod%.1” Mass spectrometric stulfy

of Ony1H2n~ clusters withn = 0—59 has indicated especially

S stable structures with “magic numbers”of= 11, 14, 17, and

bonds to solvent water molecules, very little is known about 20
the actual structure of Oand its environs in aqueous solution. ’ ) ) ) )
In this connection, it is of interest to note that electron spin A number of previous theoretical studies have been carried
resonance (ESR) observation of @ equilibrium with OHin ~ ©out on the monohydrate of ‘O Early low-level ab initio
irradiated ice was interpretétb indicate that hydrogen bonds ~ calculation$®~?! reported a high-energy species (HOH)",
to water are formed in the plane of the two doubly occupied inWhich two equivalent OH moieties joined by a long 2-center
p-orbitals of O", but no hydrogen bonds are formed with the 3-€lectron OO bond share the extra electron equally. Later ab
singly occupied p-orbital. initio calculationg223have established that the true equilibrium

The study of gas-phase hydrated clusters is an effective mean$tructure corresponds instead to planar®,0) with a single
to help understand solvation effects in the condensed phasenearly linear hydrogen bond between @nd HO. Subsequent
Indeed, the structure and energetics of the gas-phase hydrat@P initio studies have explored the potential surface for
clusters (for which we use the generic designation pf8,, interconnection between the (HGDH)™ and (O)(H20)
to indicate O complexed withn water molecules in order to  Structureg#~2¢ A comprehensive study at various levels of
avoid any specific structural implications) have been of con- ab initio theory, pure DFT (i.e., density functional theory without
siderable experimental interest since the early detection by masdncluding any exact exchange), and hybrid DFT reported that
spectrometry of the monohydratel)~ in a Hy/O./N, flame? in addition to the most stable (QH,O) structure there is indeed
The monohydrate complex of presumed structure)(8,0), also a local-minimum nonplanar (HOOH)™ form with C;
in which H,O forms one strong hydrogen bond to Owas symmetry. Pure DFT methods erroneously indicate the latter
postulated as a long-lived intermediate in order to explain the to be the global minimum, while ab initio and hybrid DFT
kinetics of the reaction O+ H,O — OH~ + OH studied by methods consistently show it to be significantly higher in energy

10.1021/jp052472b CCC: $30.25 © 2005 American Chemical Society
Published on Web 07/30/2005

Atomic oxygen radical anion, Qis an important component

While it can be expected that Oforms strong hydrogen
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than (O)(H,0). Studies of a possible structure having a proton- the MP4(SDQ) methdd“2 together with the 6-31G(2d,p)
transferred (OH)(OH) form'®1725have found it be of only  basis set3*The resulting MP4(SDQ)/6-3¥1G(2d,p)//B3LYP/
slightly higher energy than (Q(H»0), but no unambiguous  6-31+G(d) energies were corrected for basis set superposition
characterization has been given of (OKDH) as a true local error (BSSE) using the full counterpoise correcttéifo check
minimum on the potential surface. An ab initio sté@éyas the reliability of the B3LYP/6-33+G(d) structures, geometry
further reported very high energy (HOTH) and (Q7)(Hy) optimizations were also carried out at the MP4(SDQ)/6-8G1

structures. (2d,p) level on several representative small clusters; for brevity,
Several theoretical works have also reported equilibrium the double slash notation is not used where the same method
structures for various larger hydrate clusters. Calculaifarssng was used for both energy and geometry determination. Some

pure DFT on clusters witm = 1—3 found that the lowest-  calculations were also done with various basis sets to evaluate
energy structures correspond to (QKDH)(H20)n-1. A later the reliability of the MP2 methdd for these clusters.

study up ton = 6 using ab initio method8 found that fom = As a check, the high-level QCISD(T) metHfavas also used
2—4 the most stable structure corresponds to (J0BH)(HzO)-1, on some of the smallest clusters for single-point energy

while for n= 5—6 (which were done at a lower level of theory), evaluation at the corresponding QCISD geometry, together with
the additional water molecules start to form a second solvation the aug-cc-pVTZ basis $ét*8for each.

shell and instead have ((XH.O), as their most stable structures.
A subsequent work estimated the H-O~ hydrogen bonding
distance for (O)(H,0), clusters in the thermodynamic limit of

All of the radicals examined in this work are doublet states.
We examined the quantity&[] the expectation value of the
square of the electronic spin operator, and found it to be between

largen. In a St“gay using hybrid DFT methods upric= 4, we 0.75 and 0.76 for all radicals studied. This indicates that spin
have considered planar symmetrical structures of the form  qhamination by quartet or higher states poses no significant

(O7)(H20)n. Another studj®up ton=4 also using hybrid DFT problem for the results presented here.

methods considered a few representative structures of both the Computation of equilibrium aeometries. energies. and har-
(O7)(Hz0)n and (OH)(OH)(H;0),-1 forms, finding (in marked i fFr)e uencies V\(/qas carriedgout with t@;aussia?n 9% and
contrast to the above-discussed ab initio stddyhat the G . qo@

(O7)(H20), form consistently provided the most stable struc- aussian programs.

tures. Because our results may be compared with experimental data
Let us summarize here this brief survey on structural evidence collected from systems that are not necessarily in thermody-

to date. For very large values of the experimentalig, of OH namic equilibrium, we want to identify as many low-lying

in bulk water clearly indicates that the {§JH,0), form is more structures as possible. Different starting points for geometry

stable than (OH)(OH)(H,O),_1. The scant experimental evi- pptimizations were generated from a number of sources. These
dence on small clusters is inconclusive for structural questions. included our previous wo on (07)(Hz0), and the various
The computational evidence for tie= 1 case clearly shows (O7)(H20)n and (OH)(OH)(HO)-1 structures reported by
(O7)(H-0) to be the most stable form, suggests that the proton- Knak Jenser? In addition, (OH)(H20), structure8->? with
transferred (OH)(OH) structure is only slightly higher in energy  OH™ replaced by O as well as (HO), structure®® with one of
but may not be a true local minimum on the potential surface, the waters replaced by ‘Owere also considered. Further
and also indicates the presence of several other high-energyStructures were identified by modifying previously identified
local-minimum structures. For other small valuesiaf 2, the structures and by adding additional waters to known small
computational evidence is mixed, such that there still remains clusters.
ambiguity about the relative stability of (({H.O), versus
(OH7)(OH)(H20)n-1 structures. Notation

The present work reports calculations on the= 1-5 ) ) )
clusters. One purpose is to apply higher levels of theory together W& employ a notation to describe the isomers af Blon~
with a thorough search among possible structures having bothWhich reflects the hydrogen bond networks within the clusters.
(O7)(H20), and (OH)(OH)(H.0),_; motifs to help resolve Since the anionic centeris prlmanly responsible ford.nvmg the
these structural questions. We find and report a total of 67 local- hydrogen bonding patterns in these clusters, the notation reflects
minimum structures, which include almost all of the structures the solvation shell structure of the anion. The general form is
previously described in the literature and many more besides.AeBeCe..., in whichn = A + B + C + ... with A being the
None of the work on QH,,~ to date has examined the numbgr of molecules (elther water or hydrogyl) in the first
vibration frequencies of the clusters, and another purpose is toSolvation shell about the anio the number in the second
provide a foundation for further calculations aimed at interpret- Shell (if any), and so forth. The subscripts represent the number
ing recent experimental observatidhen the infrared spectra  ©f hydrogen bonds for which molecules of that shell act as

of these clusters. acceptors, so thak + a + b + ¢ + ... is the total number of
hydrogen bonds in the cluster. With the (O¥OH)(H,O)n-1
Computational Methods families, an asterisk is used to indicate in which shell the
To balance economy with accuracy, we chose for geometry hydroxyl radical resides.
optimizations the B3LYP methé&e®*®together with the 6-31G- For instance, 2, indicates a cluster having two water
(d) basis set’3° Such a hybrid DFT method avoids the molecules in the first solvation shell, each forming a hydrogen
problems with pure DFT documented by Hrusak et’alocal bond to O, and one water in the second solvation shell that

minima were confirmed by the absence of imaginary frequencies donates a hydrogen bond to each of the first-shell waters. As
in the B3LYP/6-3#G(d) harmonic vibrational analysis. The another example, 21, refers to a cluster in which a water
zero-point vibrational energy (ZPVE) was obtained from the molecule and a hydroxyl radical in the first shell each donate a
sum of harmonic frequencies, which for this purpose were hydrogen bond to OH and a water in the second shell donates
multiplied by the recommendétscaling factor of 0.9806. a hydrogen bond to the first water and to the hydroxyl. If more
For better electronic energies, single-point calculations at the than one cluster have the same designation in this notation, they
optimum B3LYP/6-3%+G(d) geometries were carried out using are distinguished by appending an additional parenthetical label
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TABLE 1: Calculated MP4(SDQ)/6-311+G(2d,p)//B3LYP/6-31+G(d) Binding Energies in kcal/mol of Various On+1Hz,™

Chipman and Bentley

Clusters
elec BSSE eled- BSSE AZPVE AE% elec BSSE elee- BSSE AZPVE AE%
n=1: (O)(H0)
1o —25.8 2.1 —23.6 0.0 —23.6
n=2: (O)(H0),
20(a) —46.2 3.6 —42.6 2.5 —40.1 2(b) —46.1 3.6 —42.5 2.5 —40.0
n=2: (OH")(OH)(H.0)
2% —45.5 5.0 —40.5 1.0 —39.5
n=3: (O)(H0);
3 —64.4 55 —58.9 4.4 —54.5 21y(a) —62.8 6.2 —56.7 5.5 —51.2
3 —63.6 5.4 —58.2 5.0 —53.2 21, —60.4 55 —54.9 4.6 —50.3
21(b) —627 58 ~56.9 54  —51.4
n=3: (OHf)(OH)(Hzo)z
3% —62.9 6.4 —56.5 3.8 —52.7 2%10(b) —61.6 6.9 —54.6 3.9 —50.7
3% —63.9 6.9 —57.0 4.4 —52.6 *1o(b) —59.4 6.9 —52.5 2.8 —49.7
2%,10(a) —620 6.9 —55.2 41 -511 2%1a) -59.6 6.9 —-52.7 31 —49.6
n=4: (O_)(H20)4
4y(a) —78.9 6.9 —71.9 7.8 —64.1 31y(d) —76.2 7.1 —69.1 7.3 —61.9
4y(b) ~784 65 ~71.9 7.9  —64.0 3e) 761 7.2 ~69.0 71 —618
3x10(b) —79.3 7.8 —71.5 7.8 —63.8 4 —78.3 8.0 —70.3 9.3 —61.0
3loa) -793 7.7 -716 78 —63.8 3L(a) -784 84 ~70.0 9.1 —61.0
3x10(C) —76.6 7.2 —69.4 7.2 —62.2 31(b) —78.0 8.3 —69.7 9.0 —60.7
3l —77.3 7.8 —69.5 7.4 —62.1 22; —74.3 8.3 —66.0 7.7 —58.3
n=4: (OH")(OH)(H:0)s
3*lo(a) —79.8 8.9 —70.9 7.6 —63.3 341 —75.6 8.2 —67.4 6.0 —61.5
4% —78.9 9.1 —69.8 7.2 —62.6 Hlo(e) —77.6 9.0 —68.6 7.2 —61.3
3*1e(c) —77.9 8.5 —69.4 6.9 —62.5 350 —76.8 9.0 —67.9 7.1 —60.8
3*1i(a) —79.8 9.2 —70.5 8.1 —62.5 31*(a) —755 8.9 —66.6 6.1 —60.5
3*lo(d) —77.7 8.5 —69.2 6.8 —62.4 31% —74.8 8.8 —66.0 6.0 —60.0
3*1o(b) —78.7 8.9 —69.8 7.6 —62.2 31*y(b) —74.3 9.1 —65.2 5.7 —59.5
3*1(b) —784 9.1 —69.3 7.7 —61.6 25111 —74.2 8.8 —65.4 6.1 —59.3
n=5: (0)(H:0)s
431q(a) —92.9 9.0 —83.8 10.7 —73.2 32; —90.7 9.6 —81.1 9.9 —71.1
3420 —93.4 9.8 —83.7 11.2 —72.4 411(b) —92.9 10.0 —83.0 12.3 —70.6
41() —939 87 -85.1 130 -72.1 32,(a) —93.0 105 -825 121 —70.4
3111 —91.2 9.5 —81.7 10.0 —71.7 32,(b) —90.0 11.1 —78.9 12.5 —66.4
4314(b) —90.0 8.5 —81.5 10.2 —71.3 2231 —86.5 10.2 —76.3 9.9 —66.4
55 —91.7 9.4 —82.3 11.1 —-71.2
n=>5: (OH)(OH)(H:0)s
3*32,(a) —94.3 10.9 —83.4 11.3 —72.1 3%2; —-90.6 111 —79.6 9.5 —70.1
332%9 —91.5 10.7 —80.8 9.2 —71.6 3%2;(b) —915 11.7 —79.8 11.1 —68.7
3*32,(c) —94.2 11.4 —82.8 11.3 —71.5 32%; —88.8 10.9 —77.9 9.5 —68.3
3*2111o —91.7 10.7 —81.0 9.8 —71.2 3%2(a) —89.7 11.2 —78.6 10.6 —68.0
3*429 —91.7 10.7 —81.0 10.0 —70.9 25211 —88.3 11.3 —77.1 9.3 —67.8
4*31o —92.4 11.1 —81.3 10.4 —70.9 32%, —87.3 11.0 —76.3 9.7 —66.6
431*, —91.7 10.4 —81.4 10.6 —70.8 3%2,(b) —88.4 11.6 —76.8 10.9 —65.9
4*%,1; —94.4 12.0 —82.4 11.8 —70.6

of (a), (b), (c), and so forth; such clusters usually have the sameimportant lowest-energy structures, or at least that any additional
general structure, differing only in the orientation of dangling low-lying structure will be closely related to one of the structures

OH bonds. reported here by simple reorientation of a non-hydrogen-bound
) (“dangling”) OH bond and so will otherwise have very nearly
Energetics the same structure and energy.

The total energye®p at 0 K of each structure is obtained by The BSSE correction decreases the binding energy of a
adding the single-point electronic energy including nuclear complex by removing an artificial source of stabilization. BSSE
repulsion (elec), the BSSE correction, and the ZPVE. In Table increases with the size of the cluster because each additional
1, we report binding energie’sE°y corresponding to the process  constituent makes additional orbitals available to lower the
energies of the other constituents. This is clearly seen in Table
1: for the sequence of allO(H,0),, the average BSSE values
forn=1-5are 2.1, 3.6, 5.7, 7.6, and 9.7 kcal/mol. A similar

for 67 minimum-energy configurations of,QH2,~ involving trend is exhibited by the sequence of all (QEOH)(HzO)n-1.

n=1-5. A more interesting effect is the differential influence of BSSE
Forn = 1 and 2, we are confident that there are no other on O (H2O), versus (OH)(OH)(H20),-1 structures. Comparing

low-lying equilibrium structures (within the computational analogous structures, the latter are destabilized by at least 1.1

methods we used). Far > 3, we cannot state that we have kcal/mol relative to the former for afil. This places the lowest-

found all possible structures; this task would be prohibitive for energy structure of QH,0), below that of (OH)(OH)(H,O)n-1

n =4 and 5 anyway. However, we feel that we have found the for all n studied, whereas uncorrected electronic energies would

O +nH,0— 0, Hy (1)
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put (OH")(OH)(H20),-1 lower for n = 4 and 5. Finally, the

BSSE correction produces some changes in order of stability H o1z 1027 ,"_U‘;
within the separate QH,0), and (OH)(OH)(H2O),-1 struc- 1525 1620 1622 1604
tural families. Structures which benefit from this (i.e., have the 1067 iy
smallest BSSE) are typically those with relatively fewer i f_m
hydrogen bonds between water molecules. ik = [
The column markedZPVE in Table 1 denotes the binding 20(b) 2%

energy contribution arising from the change in ZPVE between
an Quy1Hz,~ complex andn free water molecules. Each
additional water molecule in a complex therefore adds the
contributions of six new intermolecular vibrational modes to
AZPVE.

As with the BSSE correction, inclusion cAZPVE also
decreases the binding energy of a complex. For a given
inclusion of AZPVE generally favors (OH)(OH)(H,O),-1 over
analogous O(H-20), structures, but the effect is somewhat less
than the BSSE effect so that structures of thgk}O), form
remain lowest in energy for afi considered. Within a family
of either O (H,0), or (OH")(OH)(H,0)n-1 structures, inclusion
of AZPVE sometimes has a substantial effect on the binding
energy ordering. Structures which are most stabilized (i.e., have
the smallesAZPVE) are generally those with the lowest total
number of hydrogen bonds.

Our goal in this work is limited to characterizing ground states
of the clusters. However, some excited states were unavoidably
encountered during the course of the calculations. These were ©
always found to lie about 1 kcal/mol or more above the
respective ground states and, except for the case=ofl, are 2210(a)
not discussed any further in this work.

O,H2~ Structures. This species has been previously studie
by a variety of computational methods. Of particular value is
the work of Hrusak et af? who summarized the prior studies  of the largely electrostatic character of the hydrogen bond that
and provided a direct comparison of the results from more than dictates a lower energy will be attained if the hydrogen
a dozen computational methods. Hybrid DFT methods and ab approaches a doubly filled oxygen 2p orbital rather than a singly
initio methods all consistently led to a minimum-energy structure filled one that corresponds to a region of relative electron
of the (O")(H20) form, with charge and spin highly localized  depletion.

on the ionic oxygen atom and with a strong nearly linear  The equilibrium structures of (Q(H»O) obtained at various
hydrogen bond between Oand water. Pure DFT methods |evels of theory are reported in Table 2. They are all in
incorrectly found the global-minimum structure to be (HOH), reasonably good agreement with one another and with the best
whereas in fact, this form does not even merit our serious previous resultd’ The largest discrepancies from the presumably
attention because at high levels of ab initio theory Hrusak et accurate QCISD/aug-cc-pVTZ geometry lie in the hydrogen
al. found it to be of high energy. For example, at the pond H--O, the bound OH, and the OO distances being too
sophisticated CCSD(T)/POtdf level, the electronic energy of  |ong by about 0.02, 0.02, and 0.03 A, respectively, in the
(HOUOH)™ was found to lie 10.3 kcal/mol above that of the B3LYP/6-31+G(d) structure, and the +O distance being
global-minimum (G)(Hz0) form. On the other hand, (OH{OH), about 0.02 A too short in the MP4(SDQ)/6-3&G(2d,p)
which has been treated by several workers, although not by structure.
Hrusak et al., must be considered as a serious low-energy The putative 1§ structure corresponding to (O){OH) was
candidate. But despite considerable speculation about thenet found to be a local minimum in our calculations. Attempts
possibility of a local-minimum (OH)(OH) structure, only one  to optimize it at the B3LYP/6-3tG(d), MP4(SDQ)/6-31%G-
reported calculatioff has actually found it, and that at the (2d,p), and QCISD/aug-cc-pVTZ levels of theory always led
Comp|ete active space self-consistent field (CASSCF) level of back to the 3 g|0ba| minimum. Because of the extreme
theory which neglects most dynamical electron correlation and |ocalization of the negative charge, description of the proton
so should not be regarded as definitive. transfer in the smallest = 1 cluster is more demanding in
The minimum-energy structure, for (O7)(H»0) is planar, terms of electron correlation and basis set extension than in most
as shown in Figure 1. There are three possible orientations forof the larger clusters. This case therefore provides a challenging
the oxygen 2p orbital containing the unpaired electron: per- testing ground to evaluate the performance of various compu-
pendicular to the molecular planed(), perpendicular to the  tational methods.
hydrogen bond but in the molecular planey), or along the To study the tendency for proton transfer, we have determined
hydrogen bond «). The ground state corresponds to the the electronic energy versus tidRon coordinate that moves
o?minsmout (PA") configuration. The lowest excited state has the central hydrogen nucleus in {{#H.O) away from the water
o%mintmoud (PA") configuration and lies 0.94 kcal/mol vertically — oxygen and toward the Ocenter. For each given fixed value
above the ground state. The other possiblei2rouf (PA") of ARoy, constrained optimizations were carried out to relax
configuration is a high-lying excited state that we were not able all other geometrical parameters. The results are summarized
to find as a bound structure. This can be rationalized in terms in Figure 2, with symbols showing values calculated at 0.05 A

1.587
1.038

1833

2210(b)

2476

2"210(b) 2*110(b)

d Figure 1. B3LYP/6-31+G(d) structures of eH,~, OsHs~, and QHs™
clusters.



7422 J. Phys. Chem. A, Vol. 109, No. 33, 2005

TABLE 2: Structural Parameters Calculated for Planar (O ~)(H,0), with Distances in angstroms and Angles in degreés

Chipman and Bentley

method

R0 Ron Row Roo Onon X H-+-OH
B3LYP/6-31+G(d) 1.490 1.075 0.969 2.562 102.4 174.5
MP4(SDQ)/6-313G(2d,p) 1.453 1.067 0.961 2.519 102.4 176.3
QCISD(T)/aug-cc-pVTZ/IQCISD/aug-cc-pVTZ 1.474 1.056 0.959 2.529 101.9 176.7

2 The first column labeledRoy refers to the hydrogen bonded OH of water and the second to the free OH of water.

— T T 2 . . : r - T -
L T QuSD(T)/aug-ce-pVTZ//QISD/aug-co-pVTZ ——0 Gy MP4(SDQ)/6-311+G(2d,p)//B3LYP/6-31+G(d
5l “ ——a  MP4(SDQ)/6-311+G(2d,p)//B3LYP/6-31+G(d) 1 . Gy B3LYP/6-31+G(d)
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Figure 2. Electronic potential energy curves for stretching from Figure 3. Electronic potential energy curves for+O-:-H bending
equilibrium of the central hydrogen in (Q(H,O), with full relaxation in (O7)(H20),, with full relaxation of all other geometrical parameters.
of all other geometrical parameters.

H--O--H angle / degrees

However, 23(a) is quite fluxional. Figure 3 shows the
increments ofARoy joined by smooth lines obtained through electronic energy of#a) as the H-0O---H angle is varied, with
spline interpolation. We regard the highest-level QCISD(T)/ constrained optimizations to relax all other geometrical param-
aug-cc-pVTZ//QCISD/aug-cc-pVTZ electronic energy curve as eters. At angles away from 180the structure remains planar
a reference that is likely to be highly accurate and compare with electronic stat€A"” in Cs symmetry. At the B3LYP/6-
results from other computational methods to it. 31+G(d) level, the potential curve moving away from 28idst

While there is no local minimum corresponding to (QHOH) passes over a very small barrier and then falls into either of
at any of the levels of theory considered here, the QCISD(T)/ two equivalent local minima at an angle of F26or its
aug-cc-pVTZ//QCISD/aug-cc-pVTZ curve in Figure 2 does complement of 23% which lies 0.02 kcal/mol below the 180
show a pronounced shoulder at intermediate valueARy. structure. But with higher levels of theory, the local minimum
The CASSCEF structure of (OB(OH) reported in the literatuté at 180 disappears, becoming instead a transition state between
is very similar to those structures in Figure 2 found in the region the two equivalenCs minima. As seen in Figure 3, with MP4-
of ARop = 0.40-0.45 A, which have QCISD(T)/aug-cc-pVTZ//  (SDQ)/6-31HG(2d,p)//B3LYP/6-3%G(d) the Cs minima lie
QCISD/aug-cc-pVTZ electronic energies ranging from 1.8 to at a H--O---H angle of 138, or its complement of 227 and
2.2 kcal/mol above the minimum. The MP4(SDQ)/6-313- the Cyy, transition state lies 0.21 kcal/mol higher. The B3LYP/
(2d,p)//B3LYP/6-31#-G(d) and MP4(SDQ)/6-31G(2d,p) meth- 6-311+G(2d,p) and MP4(SDQ)/6-3#1G(2d,p) methods (not
ods are quite accurate (the latter not being shown in the figure shown in the figure to avoid congestion) give very similar
to avoid congestion), respectively lying only 0.1 and 0.2 kcal/ results, respectively placing ti@, entity at 0.23 and 0.20 kcal/
mol higher in energy than the reference curve in this region. mol above the bent minima. The ZPVE can easily overcome
However, over the range of small to intermediate values of such shallow electronic energy barriers and allow facile visita-
ARon, the MP2/6-31G(d) method gives energies that are much tion of a wide range of H:O---H angles. We conclude that
too high, while the MP2/6-31#G(2d,p) and MP2/aug-cc-pVTZ  2p(a) can be regarded as being linear on average, but with a
methods each give energies that are much too low. very flat potential surfad that allows for many readily

These observations lend support to the reasonableness of thaccessible bent conformations as well.
MP4(SDQ)/6-31%+G(2d,p)//B3LYP/6-31%+G(d) method that, Another nearly linear structurey(®), depicted in Figure 1
unless specifically noted otherwise, is used for the results with its B3LYP/6-31G(d) level H--O---H angle of 177, is
reported in the rest of this paper. It also suggests that MP2 resultsobtained from theCy, form by rotating one of the water
found in the literature are suspect for evaluating the relative molecules about the OO line, producing a local minimum with
energies of proton-transferred versus nontransferred structuresC,, symmetry in the?B; state. As with 3(a), the nearly linear
in these systems, regardless of the basis set used. local minimum found with B3LYP/6-31G(d) disappears at

OsH,4~ Structures. The addition of a second water molecule higher levels of theory, becoming instead a transition state
opens up several possibilities for isomerization, as seen in Figurebetween two nonlinear local minima. As seen in Figure 3, with
1. The lowest-energy conformation is obtained by introducing MP4(SDQ)/6-31%G(2d,p)//B3LYP/6-3%+G(d) the lowest mini-
the second water molecule near ©n the side opposite the mum lies at a H-O---H angle of 140, and the other
first water molecule, producingo@) which has a planar  complementary minimum lying at 213s only 0.03 kcal/mol
(O7)(H20), form. It is depicted in Figure 1 with a ++O---H higher, while the nearly linear transition state having a
angle of 180, where its electronic state 3Bz, in Con symmetry. H---O---H angle of 178 lies 0.39 kcal/mol higher. This is again
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a small barrier compared to the ZPVE, and we conclude that nearly in a single plane, with the remaining dangling OH bonds
2¢(b) can also be regarded as being nearly linear on average generally pointing out of the plane.

but with many readily accessible bent conformations.

If the second water is introduced near the first water rather
than near the Q the geometry optimization has quite a different
outcome. A proton is transferred from the first water to the
anion, resulting in a hydroxide anion to which a hydroxyl radical
and a water molecule contribute hydrogen bonds in g 2*
structure of the (OH)(OH)(HO) form. This structure lies 0.6
kcal/mol higher in energy than the(a) global minimum. The
20* structure lacks the floppiness of(@) and 3(b).

Knak Jensef? employing the MP2/6-31G(d,p) method, and
Seta et al®3 employing the B3LYP/aug-cc-pVDZ method, also
report bent minima on theg@) and 3(b) potential surfaces,
albeit at slightly different angles than our MP4(SDQ)/6-303-
(2d,p)//B3LYP/6-31+G(d) results. For species ofthe (ODH)(H,O)
form, Knak Jensen finds a structure similar to oug,2%hich
however is reported to lie 0.2 kcal/mblelow his 2y(a) Cs
structure. This structure differs from the analogous one of
Schindler et al?’ who used a pure DFT method with a polarized
valence doublé: basis set, in that the excess charge and the
spin are localized on different OH groups, and the hydrogen
bond from OH to OH is linear. Schindler et al. arrived at a
minimum-energy configuration structure of the (QHDH)(H,0)
form that would correspond to 1%, in our notation. When we
tried to reproduce that structure using B3LYP/6+33(d), the
optimization converged back to our previddsstructure of 3-

(a). However, when we substituted the pure DFT method BLYP
for the hybrid B3LYP, we arrived at a minimum configuration
which is qualitatively similar to that of Schindler et al., in which

We find six structures in the (OH(OH)(H20), family, with
four basic shapes as shown in Figure 1. The lowest-energy
structure 3% is nonplanar, having three hydrogen bonds to OH
but no water-water hydrogen bonds, lying 1.8 kcal/mol above
the lowest (O)(H20); structure. A small distortion to provide
one water-water hydrogen bond produces & 3tructure that
lies only 0.1 kcal/mol higher than 3*and lies significantly
lower before making BSSE and ZPVE corrections). Four other
structures, a pair of 21, cases lying at 3.4 and 3.8 kcal/mol
and a pair of 2f1, cases lying at 4.8 kcal/mol, have two
hydrogen bonds to OHand the third water molecule in a
second solvation shell with hydrogen bonds either making a
ring (2*;1o) or an open chain (21o). Each of these latter four
structures is topologically similar to an unstarred structure from
the previous paragraph, but is about 0.5 kcal/mol less stable
than its (O)(H20); analogue.

The 21, structure marks the first appearance of the square
motif. This fragment is particularly stable because the water in
the second solvent shell donates hydrogen bonds to both waters
in the first shell, polarizing them and strengthening their
hydrogen bonds to the anion. This unit reappears frequently in
the structures of the four- and five-water clusters to be discussed
below. The corresponding 2t fragment is likewise stabilized.

Using the MP2/6-33+G(d,p) method, Knak Jens&found
five O4Hg™ structures, corresponding in our notation tq,3,

31, 2*%,1p(a), and 2ly(a), as ordered by increasing electronic
energy. Of particular note, the lowest-energy structurghg®
reported has the (OH(OH)(H.O), form, with the 3 structure

the excess charge and spin are distributed almost equallynaving the (O)(H20)s form lying 1.1 kcal/mol higher; we
between the two OH moieties and the hydrogen bond that joined instead find these to be in the opposite order. Using a pure DFT

them is nonlinear. We conclude that the putativgld structure
is spurious, being subject to the same failure for pure DFT
observed in the éH,™ system.

The important point regarding (Q(H2O), structures of the
2o form, which has not previously been commented on, is that
they are particularly difficult to characterize properly because

method, Schindler et &P. found two 2%1, structures and the
3p structure, which were described as being roughly equal in
energy, a conclusion which is now clearly incorrect. Theif1g*
differs from ours in being an open structure; our attempts to
reproduce it resulted in ring closure leading back to oud@*
structure®® Using the B3LYP/aug-cc-pVDZ method including
ZPVE, Seta et al® reported the @and 3% structures, with the

of the shallowness and width of the potential basin in the |yar 1 g kealimol above the former, in good agreement with

H---O---H bending coordinate. A comparable phenomenon has

been noted in the F(H,0), systemt® These 3 structures of

(O7)(H20), can be regarded as being nearly linear on average,

but quite fluxional regarding bending motions.

O4H¢~ Structures. We find five structures in the (Q(H»0)3
family, with four basic shapes as shown in Figure 1. The lowest-
energy structure 3is a planarCs, pinwheel, essentially as
reported by Bentley et at? having three hydrogen bonds to
O~ but no waterwater hydrogen bonds. A small distortion to
provide one waterwater hydrogen bond produces gs&ucture
that lies 1.3 kcal/mol higher. A pair o2, ring structures, each
having two hydrogen bonds to@nd the third water molecule
in a second solvation shell making two watevater hydrogen
bonds, lie 3.0 and 3.2 kcal/mol above 2 linear chain 219
structure in which the second-shell water molecule forms only
one water-water hydrogen bond lies at 4.1 kcal/mol. (One might
expect 21y to have a flat potential surface with respect to
H---O---H bending about the oxygen anion. However, attempts
to probe this behavior by varying the-+0O---H angle, ac-
companied by constrained optimization of all other geometric

our results.

OsHg™ Structures. We have identified twelve structures in
the (O7)(H20)4 family, with eight basic shapes as illustrated in
Figure 4. The lowest in energy are a pair gfsfructures each
having two water molecules forming a nearly planar hydrogen
bonded ring on each side of the OSlightly higher (and in
fact lower before making BSSE corrections) is a pair o3
structures that are derived from thgl@ structures of GHg™
by adding a fourth water which makes a hydrogen bond to the
O~. About 2 kcal/mol above the,@a) global minimum are three
3.1, structures (cases c, d, and e) which derive frary3adding
a water in the second solvation shell. Of comparable energy is
a 31; structure resembling,3q(a or b) but with a rearranged
hydrogen bonding scheme. About 1 kcal/mol higher in energy
than this group are thes4and 31;(a and b) structures. The
former is a complex ofC4 symmetry in which each water
donates a hydrogen bond to-@nd to an adjacent water. The
latter are trigonal bipyramids with Oat an apex. These arise
from adding a fourth water to they 3tructure in such a way
that it forms three new hydrogen bonds. In each of these

parameters, resulted in structural rearrangement in the directionsystems, the arrangement of hydrogen bonds arounplazes

of the 3 and 21, structures.) Note that in each of these
(O7)(H20)3 structures the oxygen atoms together with those
hydrogen atoms involved in making hydrogen bonds all lie

the anion at the apex of a pyramid. If two hydrogen bonds were
to be broken in 4 it would relax to 4(a). Likewise, if only
one hydrogen bond were to be broken in thé&;3tructures,
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Figure 4. B3LYP/6-31+G(d) structures of gHg™ clusters.

they would relax to glo(a) or 31;. It appears that the energy

Chipman and Bentley

structure in which the oxygen nuclei describe a five-membered
ring. It is possible that there exist stable structures in which the
hydrogen bond network is an open chain, but they will

undoubtedly lie still higher in energy, and we did not search
for them.

The fourteen structures in the (OHOH)(H.O); family have
five basic forms, if we regard OH and,8 as interchangeable
units, or eleven otherwise (see Figure 4). Lowest in energy is
3*,1p(a), 0.8 kcal/mol abovexfa) and 0.5 kcal/mol above its
O~ analogue, Rly(a). The 4% structure is 1.5 kcal/mol above
45(a). Only slightly higher in energy are the other B85
structures and the 3%; trigonal bipyramids. Lying more than
3 kcal/mol above the global minimumy(&) structure are the
open 3%1, and 31*, structures and the 2%;1; structure, in
which a third solvation shell is populated. In general, energies
of (OH7)(OH)(H0)s structures lie from 0.7 to 1.3 kcal/mol
above those of the analogous({(H.0), structures. The 31;
trigonal bipyramids constitute a notable exception: they lie 1.5
kcal/mol belowthe corresponding,2; structures. The reason
for this is clear. The hydrogen bonding pattern around the
hydroxide oxygen is preferentially nonplanar, so the fourth water
need not distort the existing hydrogen bond network as happens
with the 31; systems.

The 8 structures of €Mg~ reported by Knak Jens&hfrom
MP2/6-31-G(d,p) calculations are among the 26 structures
described here and include the lowest-energy structure for each
anion type. His energetic trends are similar to ours within each
family, but he consistently finds the oxygen anion clusters
shifted to higher energies by about 2 kcal/mol relative to the
hydroxide clusters. Seta et ®lreported only a ¢ structure,
being nonplanar with a distorted rectangular shape, and the
corresponding 4structure, which they find 1.4 kcal/mol higher
in energy, consistent with our results for d@nd 4%.

OgH10~ Structures. We have identified eleven structures in
the (O)(H20)s family, with ten basic shapes as illustrated in
Figure 5. The lowest in energy is @14 structure in which O
is part of a three-oxygen ring and a separate four-oxygen ring.
Nearby in energy are a& structure best described as two fused
squares (the “book” form;0.8 kcal/mol), a 41; structure
related to 414(a) by distorting it to form two additional hydrogen
bonds (1.1 kcal/mol), and a 331y structure obtained from
321p(a) by adding a fifth water which makes a hydrogen bond
to the second-shell watet-(.5 kcal/mol). All of these structures
arise from adding a fifth water to the,1y structures of the
previous section and, except fofl4, tend to maintain planarity
about O. About 2 kcal/mol above dq(a) are 414(b), which
arises from starting a second solvent shell aroug(@)4 5,
which is approximatelyCs in symmetry, and 23, which derives
from 2,2, by adding a fifth water that makes a hydrogen bond
directly to O. Still higher are a secondy%; structure, a pair of
332, structures that resemble the B)s prism structure with
one hydrogen bond broken, and g3, structure with only
two hydrogen bonds to O Aside from the last, these higher-
energy structures all have nonplanar arrangements of hydrogen
bonds about O.

Among the fifteen structures found in the (OIOH)(H.0)4
family (see Figure 5), the lowest-energy structure is the prismlike
3*325(a), which lies 1.1 kcal/mol above the global minimum
451y(a) form. Slightly higher (at 1.6 and 1.7 kcal/mol, respec-
tively) are 32%; and a second prism, 3,(c). Lying between
2 and 3 kcal/mol abovezdy(a) are six structures encompassing

gained by forming additional hydrogen bonds is more than a wide array of forms: squares, squares with fused triangles,
canceled by that needed to distort the system from planarity. books, and a cagelike structure. An even larger group lies 4.5

Finally, 5.8 kcal/mol above the lowest structure is #£;2

kcal/mol and higher above the minimum; see Table 1 and Figure
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Figure 5. B3LYP/6-31+G(d) structures of gHig~ clusters.

5 for details. What these high-lying forms have in common is
twofold coordination of the hydroxide anion or geometric
constraints that weaken some of the hydrogen bonds.

At the OsHip~ stage, it is more difficult to find direct
analogues between members of the)(®,0)s family and those
of the (OH")(OH)(H,0), family. Where such relationships can
be discerned, the Ostructure is typically at least 1 kcal/mol

J. Phys. Chem. A, Vol. 109, No. 33, 2006425

more stable than the corresponding Ostructure. The excep-
tions are the 332, prism structures, which are about 2 kcal/
mol more stable than theirCanalogues. Once again, the reason
is that the nonplanar hydrogen bonding arrangement about the
aniondestabilizes (Q(H20)scomplexes but not (OF)(OH)(H;0)4
complexes.

Knak Jense# using UHF/6-33%G(d,p) methods described
six structures of @H1p~, which correspond most closely to our
structures 4lo, 4415, 3420, 4*3ly, 3*322(a), and 3%2,. His
energetic trends are generally within 1 kcal/mol of ours, but
his Es structure is 2.4 kcal/mol above his lowest-energy
structure, whereas our corresponding23ta) structure is only
1.1 kcal/mol above our lowest-energy structure. The trend
observed for smaller clusters, that Knak Jensen finds greater
stabilization of the hydroxide clusters relative to the oxygen
anion clusters than we do, is not reproduced fgH@ . A
possible explanation is that hisgkdg~ results were obtained
with Hartree-Fock methods, whereas all his results for smaller
clusters arise from MP2 methods.

Hydrogen Bonding Patterns.At all cluster sizes considered
here, oxygen anion clusters are energetically favored over
hydroxide clusters, on the basis of the most stable structure of
each type. The number of structures of each type increases
rapidly with n, and forn > 3, the energies of the two families
overlap. In the (O)(H:O), families, there is an energetic
advantage if the hydrogen bonds to the oxygen anion lie in a
plane, and clusters which accommodate this pattern are generally
lower in energy than those which distort the plane to form
additional hydrogen bonds among the solvating waters. This is
the case whether the oxygen anion is triply or quadruply
coordinated. In (OH)(OH)(H.0)n-1 clusters, on the other hand,
the preference is for the first solvation shell not to lie in a plane.
The hydroxide oxygen behaves as if it were maintaining sp
hybridization. This qualitative difference is due to the radical
nature of O. The 2p hole on O defines an axis of relative
electron depletion, which is not electrostatically conducive to
the formation of hydrogen bonds. A consequence of this is that
the O is always on the surface of any cluster it is in, with its
unpaired electron not involved in hydrogen bonding but directed
normal to the surface and thus accessible to potential reactants.

It is clear from the data shown in Figures 1, 4, and 5 that in
all (O7)(H20), clusters those water OH bonds which are directly
hydrogen bonded to the Omoiety are always significantly
stretched from that of the isolated water molecule, in which it
is 0.969 A at the B3LYP/6-3tG(d) level. Such stretchings
range from 0.098 A fon = 1, from 0.058 to 0.063 A fon =
2, from 0.031 to 0.090 A fon = 3, from 0.02 to 0.089 A for
n =4, and from 0.018 to 0.109 A fan = 5. It is interesting
that the largest such stretching of 0.109 A is {232, which
is the least stable form of (Q(H.O)s found, while the other
notably large stretching of 0.098 A is in the &tructure of
(O7)(H20).

It is also clear from Figures 1, 4, and 5 that in all
(OH7)(OH)(H20)-1 clusters both water and hydroxyl OH bonds
which are directly hydrogen bonded to the Orioiety are also
always significantly stretched from that in the respective isolated
molecule, in which it is 0.983 A for the hydroxyl radical at the
B3LYP/6-31+G(d) level. Such stretchings for water OH bonds
range from 0.058 A fon = 2, from 0.031 to 0.104 A fon =
3, from 0.021 to 0.146 A fon = 4, and from 0.017 to 0.105 A
for n = 5. The stretchings are even larger on average for
hydroxyl OH bonds, which range from 0.087 A fior= 2, from
0.068 to 0.107 A fon = 3, from 0.052 to 0.116 A fon = 4,
and from 0.045 to 0.128 A fon = 5.
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Figure 6. Covalent OH bond lengths for all 335 of the-HD hydrogen
bonds contained in the 67 minimum energy B3LYP/6-&I(d)
structures of @1H2,~ obtained in this work.

Although we do not pursue the matter here, it can also be
noted that there is significant anharmonicity in the stretching
vibrational motions of all such OH bonds having stretched
equilibrium values.

It has long been recognized in the experimental diffraction
literaturé” that there is an inverse correlation between the length
of an OH covalent bondRow) and that of the H-O hydrogen
bond Ry...0) in which it is involved. The 67 minimum-energy
structures of Table 1 provide a database of 335 hydrogen bond
of the form OH--O (defining a hydrogen bond as any-HD
interaction having distance 2.5 A) that can be used to test

such a correlation. These bond lengths are plotted against eacré

other in Figure 6. Six types of interaction occur heresOHtan
serve as a hydrogen bond donor to anothgdHo OH, to O,
or to OH"; and OH can serve as a donor tg@Hor to OH".
Hydrogen bonds involving anions fall preferentially on the left

side of the graph, and those involving only neutral species are
toward the right. Nevertheless, all forms lie near the same curve

with rather little dispersion. The smallest possible cluster,
(O7)(H20), is also the only point which lies any appreciable

distance off the curve. There is a general connection between
the length of the hydrogen bond and its strength, but the stability

of a particular cluster cannot be inferred from the data in Figure

6. Energetics are established by competition and cooperation
between the various possible hydrogen bonds, but once this

equilibrium is achieved, all the hydrogen bonds are found to
obey the general relationship of Figure 6.

One can further subdivide the cases according to the donor’s

participation in the hydrogen bonding network: d for a molecule

S
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(d) data. This fit also compares reasonably well with the dashed
line that represents the analogous fit to experimental data by
Steiner and Saeng@except for a systematic offset of 0.026
0.005 A in the OH bond length. Clearly, this length correlation
in the hydrogen bonding subsystem is hardly affected by the
molecular environment from which it is taken.

Implications for Cluster Formation. The energetic stabi-
lization due to each additional water molecule, based on the
lowest-energy structure of each size, is 24 kcal/mol for the first
water, 17 for the second, 14 for the third, 10 for the fourth, and
9 for the fifth. The stabilization energies of the clusters are
determined more by the number of water molecules than by
the number of hydrogen bonds. For instance, in the case of
OeH10-, the number of hydrogen bonds in the various structures
ranges between 6 and 10, but the 26 reported structures all lie
within 7.3 kcal/mol of one another.

This closeness in energies of analogous)(8,0), and
(OH")(OH)(H20)n—-1 clusters suggests that interconversion
should be facile. That is undoubtedly the case in aqueous media,
and in several geometry optimization runs we observed such
interconversions to occur by proton migration within a hydrogen
bond. In all such instances, the initial configuration involved
an anion with few coordinating hydrogen bonds, and in the final
configuration, a nearby more highly coordinated water or
hydroxyl had transferred its proton to the original anion.
However, there are in Table 1 no two clusters that are related
to each other by a simple proton transfer across a hydrogen
bond. In every case, the proton transfer must be accompanied
by a breaking and reformation of the hydrogen bond network
for interconversion to proceed. Thus, while the present results
emphasize the variety and complexity of the.¢H.,~ potential
surfaces, without extensive further studies of the interconversion
barriers very little can be said directly about dynamics on those
surfaces. We can, however, use the reported structures and our
Xperience with geometry optimizations to make some prelimi-
nary inferences about the process of cluster formation in the
gas phase.

If a cluster forms by sequential addition of water molecules
to an oxygen anion, its type is likely to be determined by the
second or third addition. If the second water approaches in a
way that promotes a hydrogen bond to the anionic center, proton
transfer is unlikely. If, however, the second water approaches
in a way that promotes hydrogen bonding to the first water,
then proton transfer will probably occur. The same likelihoods
apply to the addition of the third water, except that if the third
water forms two donor hydrogen bonds to the other waters the
structure will remain an oxygen anion structure. As additional
waters are added, the anion of either type is stabilized well
enough by its first three waters that proton transfer becomes
unlikely.

If anion clusters are formed by reaction of a barew@dth a

that only donates, dd for one that donates two hydrogen bonds,water cluster, the ultimate type depends on how many hydrogen
da for one that both donates and accepts, and dda or daa foPonds can be formed to the"Qvith minimal disruption of the
those that participate in three hydrogen bonds. (The presentexisting hydrogen bond network. In this situation, initial

database affords no examples of ddaa, the final possibility.) In

formation of a single hydrogen bond to @rill very likely result

general, these cases cluster on the curve of Figure 6 in thein proton transfer. For initial formation of two hydrogen bonds

following order, from left to right: daa, da, dda, d, dd.
Steiner and Saeng€rexamined bond lengths in GHO

to O, the outcome will depend on how well-coordinated the
neighboring waters are. Initial formation of three or more

systems derived from low-temperature neutron diffraction data hydrogen bonds to Owill not result in proton transfer.

for a wide variety of crystals including carbohydrates, organic

If large clusters form by the interaction of smaller clusters,

acids, phosphates, carboxylates, and water of hydration and fittedthere are too many possibilities to make a general prediction,

the results using an exponential functioRopy = Ron® + A
exp(p Ru...0). Applying the same function, we obtain the solid
line in Figure 6 that is an excellent fit to our B3LYP/6-86-

but the guiding principle in examining specific cases is that
proton transfer will probably take place to favor that form of
the anion which is more highly coordinated by hydrogen bonds.
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It is also possible for (©)(H20), and (OH")(OH)(HxO)n—1 stretched by amounts ranging 0.647.146 A from their
clusters to interconvert by means of hydrogen atom transfers.equilibrium value in the respective isolated molecule, with
Klaning et al? used oxygen isotopic labeling to determine that hydroxyl OH bonds being stretched on average more than water
in irradiated aqueous solution hundreds of reversible proton OH bonds. This is accompanied by significant anharmonicity
transfers between 4@ and O take place for each hydrogen in the OH stretching vibrational motions of all such stretched
atom transfer, with the net result that overall about 78% of OH bonds.
successful reaction events occur by transfer of a proton and the For all the hydrogen bonds in the clusters examined in this
remaining 22% by hydrogen atom transfer. We saw no evidencework, a quantitative inverse correlation is found between the
of hydrogen atom transfer in our studies, although that meanslength of an OH covalent bond and that of the 4 hydrogen
little since the methods we employed may be unreliable for bond in which it is involved. Expressing this correlation with a

exploration of hydrogen atom transfer pathways. functional form taken from the literatti®&produces an excellent
fit to our data which also agrees well, except for a systematic
Conclusion offset, with the fit obtained experimentally from neutron

diffraction measurements on a wide variety of hydrogen bonds.

In the formation of clusters from components, and in the
interconversion of (O)(H.0O), and (OH")(OH)(HxO)n-1, our
general observation is that the most stable of several possible
forms involves the greatest coordination of the anion by
hydrogen bonds.

Finally, it should be mentioned that the lower-energy
structures found in this work are likely candidates for carriers
of the infrared vibrational spectra recently obseftezkperi-

In the monohydrate ¢H,~, very high level QCISD(T)/aug-
cc-pVTZ/IQCISD/aug-cc-pVTZ calculations confirm that the
most stable structure is the plangifdrm (O)(H20). A proton-
transferred moiety I of (OH™)(OH) form lies significantly
higher (-2 kcal/mol) on the potential surface and is not a local
minimum. For this system, the more efficient MP4(SDQ)/6-
311+G(2d,p)//B3LYP/6-31#+G(d) and MP4(SDQ)/6-3HG-
(2d,p) methods give results very close to those of the presumably

accurate QCISD(T)/aug-cc-pVTZ//QCISD/aug-ce-pVTZ method, mentally for Q.+1Han~ clusters havingn = 1—5. The most likely

whereas MP2 methods fail qualitatively and in different ways ) . . .
depending on the basis set chosen. On the basis of these findingscalndldates can be subjected to further refinement of their

the MP4(SDQ)/6-314G(2d,p)//B3LYP/6-3%G(d) method is fg{gf;féfast,;? e Z‘Xagfr?m‘éfnge” force fields fo ad fhe
used here to obtain most results on the larger clusters. '

In OsH4~, the most stable structure is the planar fluxional
2o(a) form of (O)(H.0),. The electronic potential energy
surface along the +-O---H bending coordinate is very flat,
such that ZPVE allows for large-amplitude motion between two
equivalent bent minima connected by a linear transition state.

In Q4H6*, OsHg™, and QH1g-, the most stable structurgs are Supporting Information Available: Cartesian coordinates
again of the (O)(HO) form. With n = 3, the various  4nq ynscaled harmonic vibrational frequencies for the B3LYP/
(O7)(H20), structures *lock in”, and large-amplitude bending .31 G(d) local-minimum structures found in this work. This

motions are not of concern, nor are they of consequence for \aiarial is available free of charge via the Internet at http://
any of the (OH)(OH)(H2O),-1 structures. pubs.acs.org.

Forn = 2, a number of higher-energy structures of both the
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